Farnesol, a precursor in the isoprenoid/sterol pathway, was recently identified as a quorum-sensing molecule produced by the fungal pathogen Candida albicans. Farnesol is involved in the inhibition of germination and biofilm formation by C. albicans and can be cytotoxic at certain concentrations. In addition, we have shown that farnesol can trigger apoptosis in mammalian cells via the classical apoptotic pathways. In order to elucidate the mechanism behind farnesol cytotoxicity in C. albicans, the response to farnesol was investigated, using proteomic analysis. Global protein expression profiles demonstrated significant changes in protein expression resulting from farnesol exposure. Among the downregulated proteins were those involved in metabolism, glycolysis, protein synthesis, and mitochondrial electron transport and the respiratory chain, whereas proteins involved in folding, protection against environmental and oxidative stress, actin cytoskeleton reorganization, and apoptosis were upregulated. Cellular changes that accompany apoptosis (regulated cell death) were further analyzed using fluorescent microscopy and gene expression analysis. The results indicated reactive oxygen species accumulation, mitochondrial degradation, and positive terminal deoxynucleotidyltransferasemediated dUTP-biotin nick end labeling (TUNEL) in the farnesol-exposed cells concurrent with increased expression of antioxidant-encoding and drug response genes. More importantly, the results demonstrated farnesol-induced upregulation of the caspase gene MCA1 and the intracellular presence of activated caspases.
Candida albicans is the most important human fungal pathogen, causing various diseases from superficial mucosal infections to life-threatening systemic disorders (7, 27) . As a polymorphic species, C. albicans is capable of switching morphologies among yeast, hyphal, and pseudohyphal forms, and the transitions are central to its pathogenesis and biofilm formation (1, 15, 30, 32) . Farnesol was recently described as a quorum-sensing molecule secreted by C. albicans that is able to prevent yeast-to-hyphal conversion (12, 26) . In C. albicans, farnesol is endogenously generated in the cell by enzymatic dephosphorylation of farnesyl diphosphate, a precursor for the synthesis of sterols in the sterol biosynthesis pathway (5, 13, 31) .
We have previously shown that in addition to inhibiting germination in C. albicans, at high concentrations farnesol also induces cell death (14) . Farnesol has been shown to induce apoptosis or programmed cell death in a number of fungal species, such as Saccharomyces cerevisiae and Aspergillus nidulans (6, 34) . In C. albicans, however, farnesol-induced apoptosis has not yet been described. More recently, through analyses of typical markers of apoptosis and proteomic studies, we demonstrated that farnesol triggers apoptosis in human oral squamous carcinoma cells through the classical mammalian intrinsic and extrinsic apoptotic signaling pathways (33) . More interestingly, the study also demonstrated for the first time the ability of the farnesol produced by C. albicans to induce a similar apoptotic effect on the tumor cells via the same pathways (33) .
Apoptosis is characterized by biochemical processes that are largely conserved throughout evolution. In mammalian cells, apoptosis is a tightly regulated process for controlling the proliferation of undesired cells (3, 10) . Apoptosis is triggered by various extracellular and intracellular stimuli that result in the activation of caspases, a class of cysteine proteases that play a crucial role in the process of apoptosis by conveying the apoptotic signal in a proteolytic cascade (3, 10, 35, 39) . This ultimately leads to cell disassembly, mitochondrial degradation, and growth inhibition, which are major cellular responses characteristic of apoptosis (3, 10, 21, 33, 39) .
Mitochondria have a central role in apoptosis, and many important aspects of the apoptotic process converge in this organelle. Mitochondria are the richest source of reactive ox-ygen species (ROS) in the cell, and the inhibition of the mitochondrial electron transport chain, which results in the subsequent release of ROS, is an early event in apoptotic cell death (37, 38) . ROS can damage almost every essential cellular component, and in order to protect against the damaging effects of ROS, fungal cells have evolved specific defense mechanisms to neutralize ROS. The primary enzymatic antioxidants involved in protection against ROS are catalase and the superoxide dismutases (9, 16, 21, 23, 28) .
In C. albicans, physiological concentrations of farnesol were reported to target the mitochondria, inducing oxidative stress, and a putative caspase (a mammalian caspase homologue, MCA1) has been identified in the C. albicans genome project (orf19.5995) (4, 28, 29, 37) . Furthermore, Phillips et al. (28) recently reported that C. albicans undergoes programmed cell death under certain conditions. However, in these studies, activation of the Ras1-cyclic AMP pathway was determined to be involved in the process in which the deletion of RAS1 resulted in increased survival and decreased apoptosis (28, 29) . In contrast, farnesol was shown to result in lower concentrations of cyclic AMP, indicating that farnesol-induced apoptosis likely involves a different pathway (31) .
The exact mechanism of farnesol cytotoxicity and whether it is a part of an apoptotic pathway analogous to the caspasemediated process of apoptosis in mammalian cells remain unclear. Therefore, to elucidate the mechanisms underlying farnesol cytotoxicity and its possible involvement in an apoptotic process in C. albicans, a global two-dimensional proteomic approach combined with a detailed assessment of standard apoptotic markers in farnesol-exposed C. albicans cells was undertaken.
MATERIALS AND METHODS
Organisms, growth conditions, and chemicals. Farnesol (Sigma-Aldrich Chemical, St. Louis, MO) was obtained as a 3-M stock solution and diluted to a 30-mM solution in 100% methanol. For each of three independent experiments, an aliquot of glycerol stock of C. albicans strain SC5314 was grown and maintained on Sabouraud dextrose agar (BBL, Cockeysville, MD). Cultures were grown overnight in yeast nitrogen base (pH 7.0) with 50 mM glucose (BBL, Sparks, MD) in an orbital shaker (120 rpm) at 30°C under aerobic conditions. Cells were harvested, washed twice in sterile phosphate-buffered saline (PBS), and resuspended to an optical density of 0.1 at 600 nm for all experiments. All experiments were performed on at least three separate occasions. Cells were grown in the absence or presence of 40, 100, or 200 M farnesol. Farnesol has been shown to be increasingly produced as the culture ages, at a reported estimated concentration of 35 to 40 M; therefore, 40 M of farnesol was chosen for its physiological relevance, and higher farnesol concentrations were used in order to demonstrate a dose-dependent effect of farnesol (36) . For all experiments, control cultures with no farnesol included methanol at the maximum concentrations incorporated in the farnesol experiments. In addition, experiments were performed using hydrogen peroxide as a positive control.
MTS viability assay. The proliferation of farnesol-treated C. albicans cells was assessed using an MTS tetrazolium-based viability assay (Promega, Madison, WI). Farnesol was added to C. albicans suspensions (100 l) with cell densities of 1 ϫ 10 7 cells/ml at final concentrations of 0, 10, 40, 100, 200, and 300 M in the wells of 96-well microtiter plates. The plates were incubated for 24 h at 30°C with shaking. Following incubation, 20 l of the MTS reagent was added to each well and the plates were incubated at 37°C for 4 h or until color fully developed. Following color development, each sample was transferred to a fresh plate and the colorimetric change at 490 nm (A 490 ) was measured with a microtiter plate reader (Multiskan MCC1340; Titertek).
Proteome analysis. Two-dimensional gel electrophoresis and mass spectrometry were used to compare the proteomes of treated cells with those of untreated cells as previously described (33) . Briefly, cytosolic proteins were extracted, subjected to isoelectric focusing, and separated by polyacrylamide gel electrophoresis. Gels nondestructively stained with silver were scanned (resolution, 300 dots per inch), and gel images were analyzed with PDQuest version 7.0 (Bio-Rad Laboratories). Differentially expressed proteins were selected for identification. Spots which changed consistently and significantly (more than 1.5-fold) were excised and subjected to trypsinization. Peptides were extracted and analyzed using matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) with an Applied Biosystems Voyager DE-STR MALDI-TOF mass spectrometer. For protein identification, we used the ProFound search engine with Genomic Solution's Knexus software (version 2004.03.15). The database used was the latest NCBI nonredundant database obtained from NIH.
Statistical analysis. Experiments were performed in duplicate on three separate occasions. Student's t test was employed to assess the statistical significance of treated versus untreated samples along with the standard deviation. Differences were considered statistically significant at P values of less than 0.05. Protein spots were considered to represent differentially expressed proteins if they were up-or downregulated at least 1.5-fold in three independent experiments.
Confocal scanning laser microscopy. Samples processed for caspase activation, ROS accumulation, and mitochondrial degradation were observed with a Zeiss Axiovert 100 confocal microscope (with a video capture system, automatic camera, and image analysis hardware software), using 20ϫ, 40ϫ, and 100ϫ oil immersion objectives. Imaging of stained cells was accomplished by using a Cy2/Cy3 multitrack filter set. Images were processed for display by using AxioVision 3.x software (Zeiss). For all microscopy experiments, methanol was incorporated in the control experiments and hydrogen peroxide was used as a positive control.
ROS accumulation. Intracellular ROS accumulation was examined using a mixture of 100 l of the fluorescent probe dichlorodihydrofluorescein diacetate (5 mM in ethyl alcohol; Molecular Probes), 100 l propidium iodide (1 mg/ml; Sigma-Aldrich, St. Louis, MO), and 100 l calcofluor white (1 mg/ml; SigmaAldrich). Cells were examined for ROS accumulation following a 3-h exposure to increasing concentrations of farnesol in order to establish a timeline for the effect of farnesol on the fungal cell. The mixture (4.5 l) was added to washed cell suspensions and incubated for 30 min in the dark. After being incubated, cells were collected by centrifugation (5 min at 4000 ϫ g), washed once with 1 ml PBS, and resuspended in 50 l PBS. Fluorescence was analyzed by confocal laser microscopy as described above. Quantification of ROS was performed by scoring the number of green fluorescent cells (ROS) relative to all cells. In addition, the percentage of red fluorescent cells (necrotic cells) was scored. Apoptotic cells fluoresce green, whereas nonapoptotic cells appear unstained.
Mitochondrial degradation. Mitochondrial degradation was evaluated by using a MitoPT 924 mitochondrial permeability transition detection kit (Immunochemistry Technologies, LLC, Bloomington, MN) according to the manufacturer's recommendations. MitoPT dye concentrates in the mitochondria of healthy cells, creating red fluorescent regions within the cell. However, the dye becomes dispersed in apoptotic cells, which appear green.
In vivo detection of caspase activation. Activated caspases in C. albicans cells were detected microscopically using FLICA apoptosis detection kits (Immunochemistry Technologies, LLC) according to the manufacturer's recommendation. Cells with intracellular active caspases fluoresce green, whereas nonapoptotic cells appear unstained.
TUNEL assay. A terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was performed in order to confirm the occurrence of a farnesol-induced apoptosis process. Following a 24-h incubation with farnesol, C. albicans cells were washed twice with PBS and fixed with a fixation solution of 4% paraformaldehyde in PBS (pH 7.4) for 1 h at 20°C. Cells were rinsed twice with PBS and then incubated with permeabilization solution for 2 min on ice. The cells were rinsed in PBS and labeled, using 50 l of a 9:1 solution of the label and enzyme solutions from an in situ cell death detection kit, fluorescein (Roche Applied Sciences, Mannheim, Germany), with appropriate controls labeled only with the label solution. The cells were incubated for 1 h at 37°C in a humidified atmosphere in the dark, rinsed in PBS, and examined with a fluorescence microscope with a detection range of 515 to 565 nm. In addition, the number of cells determined to be positive by the TUNEL assay was quantified using flow cytometry. Negative (no enzyme added) and positive (DNasetreated) controls were used to set the region of fluorescence intensity corresponding to cells positive by the TUNEL assay and quantified as percentages of total gated cells (30,000 cells for all samples).
Quantitative PCR (qPCR) analysis of MCA1 expression. Total RNA was isolated from cultures, using an Invisorb spin cell total RNA minikit (Invitek, Berlin, Germany) after cells were ground in liquid nitrogen. DNA was removed by treatment with DNase I (New England Biolabs) followed by cleaning up using the RNeasy protocol (Qiagen Benelux B.V., Venlo, The Netherlands aac.asm.org concentration was determined, using a NanoDrop UV-VIS spectrophotometer (Isogen Biosolutions, Maarsen, The Netherlands). The absence of genomic DNA was confirmed by performing PCR using an ACT1 primer pair (Table 1) prior to the reverse transcription step. Reverse transcription was performed on 1 g of total RNA, using an iScript cDNA synthesis kit (Bio-Rad, Veenendaal, The Netherlands) as specified. Synthesized cDNA was diluted 1:20 in diethyl pyrocarbonate-treated water and stored at Ϫ80°C until needed. Sample preparation was performed using a CAS-1200 pipetting robot (Corbett Life Science, Sydney, Australia). Real-time PCR was performed on a MyCycler real-time PCR machine (Bio-Rad, Veenendaal, The Netherlands), using an Absolute QPCR SYBR green mix (Abgene, Epsom, United Kingdom) and the primer pairs listed in Table 1 (Isogen Life Science, Maarsen, The Netherlands), designed using PerlPrimer (22) . Amplification was achieved using the following cycle settings: 15 min at 95°C, followed by 35 cycles at 95°C for 1 min, 58°C for 30 s, and 72°C for 30 s. After amplification, a melt curve was analyzed to ensure the absence of primer dimers. Expression of MCA1, which encodes a mammalian homologue of caspase, was calculated using the 2 Ϫ⌬⌬ C T method, using ACT1 and RPP2B as the reference genes, as suggested previously (19, 25) .
RESULTS
For all experiments performed, methanol did not have any effect at the concentrations tested.
MTS viability assay. The proliferation of C. albicans cells exposed to increasing concentrations (10, 40, 100, 200, and 300 M) of farnesol was assessed using the MTS assay. Following incubation, color development was assessed by measuring the A 490 . Results indicated a minimal killing effect (Ͻ10%) for 10 M farnesol on C. albicans; however, the percentage of killed cells increased significantly in proportion to the farnesol concentration and reached a maximum of around 60% (Fig. 1) .
Proteome analysis. Three independent proteomic analyses showed high reproducibility in demonstrating a significant number of proteins to be differentially regulated upon a 24-h treatment with 40 or 200 M farnesol (Fig. 2) . Proteomic analysis of the farnesol-exposed cells compared to unexposed cells revealed a significant number of proteins to be differentially expressed. Among the 67 altered proteins excised and analyzed by MALDI-TOF MS, 42 proteins were positively identified, including those which function in diverse biological processes such as protein binding and folding, metabolism, and oxidative stress (Table 2 ). Among those, 22 were downregulated and 26 were upregulated by farnesol treatment (Table 2) . Downregulated proteins. Most notable among the downregulated proteins as a result of farnesol exposure were those involved in glycolysis (GPM1-2, TDH1, ENO, and PYK1), protein synthesis (TEF1 and ILV3), and metabolism. In addition, S-adenosylmethionine synthetase (SAM2), an enzyme suggested to be morphology specific, was downregulated. With 200 M farnesol, mitochondrial enzymes involved in ATP synthesis (ATP7), mitochondrial electron transport, and the respiratory chain (CQR2, HSP60, and ILV3) were downregulated ( Table 2) .
Upregulated proteins. Among the 29 proteins displaying significant overexpression, 11 were upregulated with 40 M farnesol and 18 with 200 M farnesol. The stress protein CTA1 and the heat shock proteins HSP90 and HSP70 (SSA1) were upregulated with 40 and 200 M farnesol. With 200 M farnesol, proteins involved in protein folding and protection against environmental and oxidative stress (HSP90, HSP60, GLR1, and SOD2) were significantly upregulated. The Rho protein GDP dissociation inhibitor (RDI1) was also found to be upregulated with 200 M farnesol ( Table 2) .
ROS accumulation. Consistent with the results demonstrating that farnesol had a damaging effect on the mitochondria, ROS accumulation was assessed using a cocktail of the dichlorodihydrofluorescein diacetate fluorescent probe, which demonstrates the presence of ROS as green fluorescence, propidium iodide, which stains necrotic cells red, and the chitin dye calcofluor white, which allows visualization of healthy cells. Results demonstrated no green or red fluorescence in the unexposed cells. However, an increasing number of cells appeared green, orange, and red, indicating an accumulation of ROS in the cells, followed by necrosis and death, proportional to the farnesol concentration ( Fig. 3A ; Table 3 ). ROS accumulation occurred within 3 h of exposure to farnesol and hydrogen peroxide (Fig. 3A) .
Mitochondrial degradation. Treatment of farnesol-exposed cells with the MitoPT reagent resulted in the appearance of apoptotic cells with green fluorescence, whereas the cells unexposed to farnesol appeared nonapoptotic, or red ( Fig. 3B ; Table 3 ). The ratios of red aggregates and green fluorescence varied, indicating cells in various stages of apoptosis. Minimal patchy green fluorescence was observed in the cells treated with 40 M farnesol, and increasing fluorescence was observed in proportion to the increase in farnesol concentration. Mitochondrial degradation was also observed following exposure to hydrogen peroxide (Fig. 3B) .
In vivo detection of caspase activation. Caspases are activated upon induction of apoptosis. In order to determine the presence of activated caspases, which is indicative of an apoptotic process, a FLICA apoptosis detection kit was used. Images revealed the presence of green fluorescence in the farnesol-exposed cells, indicating the activation of intracellular caspases, whereas minimal or no fluorescence was observed in the unexposed cells ( Fig. 3C ; Table 3 ). The fraction of cells containing activated caspases increased with increasing farnesol concentrations. TUNEL assay. The dose-dependent increase in apoptosis in the farnesol-treated C. albicans cells was corroborated by the results from the TUNEL assay. Microscopic images revealed the presence of no or minimal green fluorescence in the cells treated with 40 M farnesol, whereas significant fluorescence was observed in the cells treated with 100 or 200 M farnesol (Fig. 4) . In addition, flow cytometry results indicated that the percentages of positive cells as determined by TUNEL assay in the untreated samples was similar to that for the negative control (1.5 and 1.34%, respectively). Samples treated with 40, 100, or 200 M farnesol for 24 h showed 2.0, 10.2, and 14.5% positive cells, respectively, as determined by TUNEL assay, while the positive control showed 17.3% of all cells to be positive by TUNEL assay. qPCR analysis of MCA1 expression. MCA1 encodes a homologue of a mammalian caspase in C. albicans. To determine the involvement of caspases in farnesol-induced cytotoxicity in C. albicans, the expression of MCA1 was determined by qPCR in log-phase C. albicans cells. Following a 4-h exposure to 40 M farnesol, MCA1 expression was increased threefold relative to that for the untreated control cells. In contrast, no difference in MCA1 expression was seen in the cells exposed to 100 M farnesol, whereas in the cells exposed to 200 M farnesol, MCA1 expression was downregulated. Similarly, exposure to increasing concentrations of hydrogen peroxide (0, 2.5, 5.0, and 10 mM) resulted in rapid induction of MCA1 to the same levels as seen with farnesol, followed by a decrease in mRNA (data not shown).
DISCUSSION
Despite extensive studies on the involvement of farnesol in C. albicans germination and biofilm formation, the characterization of a physiological role for farnesol and its implications on the fungal cell cycle have been lacking. As eukaryotic cells, fungal and human cells share similar metabolic pathways. Hence, the inhibitory effect of farnesol on C. albicans could also involve cellular signal transduction pathways similar to the apoptotic process described in mammalian cells. Therefore, in order to elucidate the mechanisms underlying farnesol cytotoxicity and its possible involvement in an apoptotic process in C. albicans, a global two-dimensional proteomic approach was utilized to unravel altered protein expression following farnesol treatment. In addition, an assessment of standard apoptotic markers using fluorescent microscopy and gene expression analysis was also undertaken.
Proteomic analysis of the farnesol-exposed cells revealed a significant number of proteins to be differentially expressed (Table 2 ). Most notable among the downregulated proteins as a result of farnesol exposure were those involved in glycolysis protein synthesis and metabolism, reflecting the growth inhibition effect of farnesol on the cells (Table 2 ). In addition, SAM2, an enzyme suggested to increase during yeast-to-hyphal morphogenesis, was also downregulated, a finding consistent with the inhibition effect of farnesol on germination (17) .
The role of the mitochondria in both apoptotic and necrotic cell death has received considerable attention, and an increase of mitochondrial membrane permeability is considered one of the key events in apoptosis (37, 40) . In our study, an adverse effect of farnesol on the mitochondria was indicated by the downregulation of several proteins involved in mitochondrial electron transport and respiration (Table 2) . A further indication of the presence of a stress response to farnesol for C. albicans was seen in the upregulated proteins, which included those involved in protein folding, heat shock, and protection against environmental and oxidative stress. Of interest was the upregulation of a Rho protein GDP dissociation inhibitor (RGDI1) similar to S. cerevisiae RDI1 (YDL135C) ( Table 2) . Rho protein GTPases are involved primarily in the reorganization of the actin cytoskeleton and are linked to morphological modifications and apoptosis in all eukaryotes (24) . A study by Zhang et al. (38) increased the resistance of cancer cells to the induction of apoptosis by chemotherapeutic agents. It is plausible, therefore, to speculate that a similar process occurs with C. albicans, where RhoGDI is overexpressed in response to the apoptotic effect of farnesol. Furthermore, in our previous work with oral squamous cell carcinoma tumor cells, RhoGDI was also found to be upregulated in these cells upon exposure to farnesol, suggesting a correlation between the cytotoxic effects of farnesol on C. albicans and human tumor cell lines (33) . The presence of a farnesol-induced drug response is also indicated by the increased expression of aryl alcohol dehydrogenase (CAD4) with 40 M farnesol. The homologue of CAD4 in S. cerevisiae (YPL088W gene product) has been shown to contain a drug response element in its promoter that leads to induction of mRNA expression upon estradiol treatment (11) . In addition, the YPL088W gene was also shown to be upregulated in microarray and proteomic studies of an azole-resistant S. cerevisiae isolate (11) . Therefore, the upregulation of this protein indicates the presence of a drug response by C. albicans to farnesol. Moreover, NADH-cytochrome b 5 reductase, a homologue of S. cerevisiae MCR1 that plays a key role in the NADHdependent reduction of the D-erythroascorbyl free radical, was also upregulated with farnesol. In S. cerevisiae, the mcr1 mutants were found to be hypersensitive to hydrogen peroxide and menadione, and overexpression of MCR1 made the cells more resistant to oxidative stress (18). Also of interest is the upregulation of acetyl coenzyme A transferase (ACH1), an enzyme representing the first step in ergosterol biosynthesis. Farnesol is a key intermediate in the ergosterol biosynthetic pathway in C. albicans; therefore, the expression of acetyl coenzyme A transferase may be regulated by the ergosterol content of the membrane, as the ACH1 gene is also responsive to ergosterol (11) .
Advances in proteomic technology offer great promise in the understanding and treatment of the molecular basis of disease. Specifically, the study of dynamic protein expression has culminated in the identification of many potential new drug targets. Therefore, it is of interest to note that riboflavin synthase (RIB5), an enzyme involved in riboflavin synthesis, was among the proteins downregulated with farnesol. Bacteria and yeast are unable to incorporate riboflavin from the environment and are absolutely dependent on endogenous synthesis of this vitamin (8) . Therefore, based on these findings, riboflavin synthase is a potential target for the development of antimicrobial drugs.
Mitochondrial respiration is a powerful source of superoxide radicals in yeast. ROS can damage almost every essential cellular component, resulting in enzyme inactivation, membrane disruption, and mutations, and ultimately in cell death (2, 20) . Studies have revealed that perturbations in mitochondrion respiration occur early in the apoptotic process and that the mitochondrion itself serves as a control switch for apoptosis (40) . We have previously shown that the farnesol-induced apoptosis in human tumor cells was mediated by mitochondria and the generation of ROS (33) . Similarly, in this study mitochondrial degradation and ROS accumulation were also demonstrated by fluorescent microscopy ( Fig. 3A and B) .
Interestingly, the results of mitochondrial degradation, ROS accumulation, and caspase activation seem to suggest the presence of two distinct farnesol-induced processes occurring simultaneously in different cells: necrosis and apoptosis. It is important to note here that the hydrophobic nature of farnesol favors its accumulation in the cell membrane, and a disruption in membrane integrity was shown by us in both bacteria and yeast. Therefore, it is logical to speculate that in aging or damaged cells, farnesol exposure results in immediate disruption of the cell membrane, leading to necrosis. In contrast, in other cells the process of farnesol toxicity involves an apoptotic process in which increased intracellular levels of farnesol lead to ROS accumulation and ultimately to cell death.
MCA1 encodes a human homologue of caspase. In our gene expression studies, MCA1 was found to be upregulated upon exposure of cells to farnesol, with a peak in expression at 40 M (physiological concentration) and decreasing levels of expression with increasing concentrations of farnesol. This finding could be explained by the transient expression of MCA1 over time; i.e., with increasing concentrations of farnesol, the induction of caspase expression occurs at earlier time points and is undetectable by this assay. Alternatively, we and others have observed that MCA1 expression is generally decreased in the stationary phase, and high concentrations of farnesol may possibly mimic this effect.
Furthermore, in mammalian cells, it is the posttranslational cleavage (autoactivation) of the caspase enzymes into their smaller subunits rather than their expression that is indicative of the induction of apoptosis. Hence, the overexpression of the MCA1 gene at 40 M may be a reflection of the presence of stress to the fungal cell but not necessarily an indication of apoptosis per se. If so, activated caspases would not be expected to be detected at that concentration, as was demonstrated by the microscopic images for the presence of activated caspases (Fig. 3C) .
More interestingly, fluorescent reagents designed to detect the presence of activated caspases and mitochondrial degradation in mammalian cells were applied to farnesol-exposed and non-farnesol-exposed C. albicans. Since caspases are highly conserved, the reagent successfully bound to C. albicans caspases, demonstrating the presence of activated caspases in the farnesol-exposed cells (Fig. 3C ). In addition, the farnesoltreated C. albicans cells were also determined to be positive by TUNEL assay, confirming the presence of apoptosis in these cells (Fig. 3D) .
Combined, our findings demonstrate that farnesol induces a caspase-mediated process of apoptosis, with the typical markers of apoptosis suggesting that a similar process mediates the cytotoxicity of this drug in both yeasts and human tumor cells. The similarities we have shown between the cytotoxic processes induced by farnesol in yeast and the cell death process triggered by this molecule in human tumor cells suggest that this mechanism is an ancestral apoptotic pathway preserved in both single-celled and metazoan organisms.
The survival of yeast depends on its ability to adapt to adverse environmental conditions in a manner that ensures survival of the clone. Based on our findings, it is conceivable to speculate that through the regulation of farnesol production, C. albicans cells may have developed a mechanism to purposely produce ROS as a regulator of apoptosis. Controlling the proliferation of cells and sparing dwindling resources, particularly in a biofilm environment where nutrients are limited and conditions unfavorable, would provide an evolutionary advantage. In addition, farnesol-mediated apoptosis might free up additional resources (derived from lysed cells) to supply the remaining cells with sufficient energy to efficiently prepare for changing, harsh conditions.
It is important to note that in our previous work, we had shown that the farnesol secreted by C. albicans in 24-to 48-hold biofilm cultures was able to trigger apoptosis in human tumor cells through the classical apoptotic pathways, similar to the effect exerted by 30 to 60 M synthetic farnesol. These observations support the hypothesis that the farnesol produced by C. albicans in a mature biofilm also induces apoptosis in eukaryotic cells. Further investigations exploring the role farnesol plays in orchestrating survival and continuance of a biofilm community, specifically, time course experiments monitoring the progression of farnesol secretion in biofilm and its effect on biofilm cells, are warranted and are ongoing in our laboratories.
In conclusion, the findings of this study demonstrate that farnesol inhibits the growth of C. albicans and promotes apop-2400 SHIRTLIFF ET AL. ANTIMICROB. AGENTS CHEMOTHER.
by on May 21, 2009 aac.asm.org tosis via the induction of caspases, production of ROS, and disruption of the integrity of the mitochondria. To our knowledge, this is the first study utilizing proteomic analysis to characterize farnesol-induced changes in C. albicans protein expression, in turn identifying farnesol as a trigger of an apoptotic process in C. albicans. The characterization of the mechanistic switches that regulate active death processes in C. albicans may lead to the development of novel antifungal agents that switch on endogenous cell suicide mechanisms.
